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Partially filled Landau levels host competing orders,
with electron solids prevailing close to integer fillings be-
fore giving way to fractional quantum Hall liquids as the
Landau level fills[1, 2]. Here, we report the observa-
tion of an electron solid with noncolinear spin texture
in monolayer graphene, consistent with solidification of
skyrmions[3]—topological spin textures characterized by
quantized electrical charge[4, 5]. In electrical transport,
electron solids reveal themselves through a rapid metal-
insulator transition in the bulk electrical conductivity as
the temperature is lowered[6], accompanied by the emer-
gence of strongly nonlinear dependence on the applied
bias voltage[7, 8]. We probe the spin texture of the solids
using a modified Corbino geometry[9, 10] that allows fer-
romagnetic magnons to be launched and detected[11, 12].
We find that magnon transport is highly efficient when one
Landau level is filled (ν = 1), consistent with quantum
Hall ferromagnetic spin polarization; however, even min-
imal doping immediately quenches the the magnon signal
while leaving the vanishing low-temperature charge con-
ductivity unchanged. Our results can be understood by
the formation of a solid of charged skyrmions near ν = 1,
whose noncolinear spin texture leads to rapid magnon de-
cay. Data near fractional fillings further shows evidence
for several fractional skyrmion crystals, suggesting that
graphene hosts a vast and highly tunable landscape of cou-
pled spin and charge orders.
When a spin-degenerate Landau level is half filled (corre-
sponding to filling factor ν = 2pi`2Bn = 1 with the mag-
netic length `B = (eB⊥/~)−1/2 and n the carrier density),
dominant exchange interactions drive the system into an in-
sulating quantum Hall ferromagnetic (QHFM) state[13]. No-
tably, only minimal anisotropy is introduced by the Zeeman
energy (EZ = gµBBT ), which is much smaller than the
exchange energy (EX =
√
pi
2
e2
`B
). As a result, smooth
skyrmion spin textures, which minimize exchange energy at
the expense of reversing more spins relative to the external
magnetic field, can be energetically favorable[4]. In contrast
to skyrmions in metallic magnets, quantum Hall skyrmions
have quantized electrical charge, leading to strong inter-
skyrmion interactions and predicted spatial ordering of finite
density skyrmions[3]. While thermal measurements[14–16],
microwave spectroscopy[17], nuclear magnetic resonance and
polarized absorption spectroscopy[18–26] all show signatures
of skyrmion solids, many features of these states of matter re-
main unexplored, including their degree of crystalline order
and the nature of their elementary excitations.
Owing to its wide range of electrostatic tunability and ex-
perimental accessibility, graphene provides a potentially ideal
platform for probing the phase diagram of skyrmion solids.
For example, the exposed surface may allow direct magnetic
imaging, and the high sample quality permits the exploration
of skyrmion ground states over a broad range of electron den-
sity, magnetic field, and single particle wave function struc-
ture. However, conventional detection schemes that rely on
coupling to nuclear spins are challenging in carbon pi-orbitals,
and evidence to date for skyrmion physics in graphene has
been limited to their indirect impact on measured energy gaps
[27–29]. Indeed, while electron solids were recently reported
in graphene in higher Landau levels[30], no evidence has been
reported for electron solidification of any kind within the low-
est Landau level where skyrmion solids are theoretically an-
ticipated.
To explore the phase diagram of electron solids in graphene,
we study ultra-high quality monolayer graphene devices fab-
ricated in a Corbino geometry (see Methods). Two patterned
graphite local gates and a doped p-Si global gate provide in-
dependent control of carrier density in two contact regions (II
and III, rendered in pink and green in Fig. 1a), in addition
to the bottom gated bulk of region I. The electrical conduc-
tance, G, between two contact ‘islands’ is directly propor-
tional to the bulk electrical conductivity σxx. Figs. 1b-d show
temperature dependent measurements of G for 0 < ν < 1.
Deep sequences of fractional quantum Hall(FQH) states man-
ifest as conductance minima at fractional ν = pmp±1 and
ν = 1 − pmp±1 with m = 2, 4, corresponding to the two-flux
and four-flux composite fermion sequences. The data also
feature anomalous insulating states near ν = 0 and ν = 1,
extending beyond the ν = 1/5 and 4/5 FQH states, respec-
tively, which interrupt this insulating behavior. In contrast to
even weak FQH states, which show a monotonic, simply ac-
tivated temperature dependence up to temperatures of several
Kelvin, the conductivity of the anomalous insulators transi-
tions from metallic (dG/dT < 0) to insulating (dG/dT > 0)
temperature coefficient at T ∼ 300− 600 mK (Fig. 1d).
The temperature dependence and density range of the
anomalous insulators strongly resemble results obtained in
clean semiconductor quantum wells[6, 31], attributed to
charge solidification at low quasiparticle density. In semi-
conductors, solidification was shown to be accompanied by
the onset of nonlinear transport at anomalously low threshold
electric fields, interpreted as depinning of the solid phases[7,
8]. We observe similar behavior in a range of fillings near
ν = 1 (Fig. 1e), and near other integer ν in the lowest Lan-
dau level (Fig. S1). Whereas the insulating states at integer
and fractional fillings are highly robust to applied bias, the
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FIG. 1. Electron solid phases in the lowest Landau level. a, Device and measurement schematic. Voltages applied to graphite top- and
bottom-gates (VT and VB) and an additional silicon gate (VSi) allow independent control of ν in regions I (white), II (pink), and III (green).
The differential conductance G = δI/δVex, proportional to the bulk conductivity of region I, is measured as shown, with δVex an applied
low frequency voltage excitation and δI the induced current across the νI region. The DC bias Vbias = 0 unless indicated. b, Temperature-
dependent G for 0 < ν < 1 at B⊥ = 13.5T. c, G measured at T = 195mK and T = 800mK. Labels highlight a subset of the observed
insulating states, including FQH and electron solid phases. e, G measured as a function of T for several values of VB, indicated by colored
arrows in panel c. The hallmark of the electron solid phases is a sign reversal in dG/dT . f, G near ν = 1 atB⊥ = 10T measured as a function
of VB and Vbias.
anomalous insulators near integer ν rapidly vanish at low bias
voltages Vbias ∼ 1mV. Taken together, the temperature and
bias dependent transport data show that electron solid phases
are a generic feature of the graphene lowest Landau level.
While the electron solids proximal to ν = ±2, ν = ±1,
and ν = 0 show only quantitative differences in their electri-
cal transport properties, they are predicted to arise from solid-
ification of quasiparticles with qualitatively different spin tex-
tures. In the case of ν = ±2, corresponding to a completely
empty or full Landau level, one expects solidification of bare
electrons or holes. While the electron solid is thought to have
a ferromagnetic ground state[32], exchange interactions are
weaker than typical experimental temperatures, making the
physically realized state paramagnetic. Near charge neutrality,
in contrast, the spin texture of the electron solid should depend
on the nature of the ν = 0 ground state, which is thought to be
a canted antiferromagnet or charge density wave in graphene
samples with sublattice symmetry breaking[33] (see Fig. S2).
In the former case, noncolinear spin textures are expected for
some range of ν, while the latter should be paramagnetic by
analogy with ν = ±2. Finally, at ν = ±1 the low energy
charged excitations are spin reversals, whose nature depends
on the ratio κ = EZ/EX . At large κ, the electron solid po-
larizes in a single spin branch; however, for sufficiently low
κ, the spin-reversed excitations are skyrmions, and the solid
should have long wavelength noncolinear spin texture[3].
To probe the spin texture of the electron solids, we measure
the bulk transport of magnons[11, 12], as depicted schemat-
ically in Fig. 2a. Magnon transport is measured by setting
νIII = 2 and νII = 1, creating lateral heterojunctions near
each pair of contacts, which serve as a magnon launcher
and magnon detector, respectively. Applying a voltage bias
eVbias ≥ EZ across contacts in the injector island launches
neutral magnons into the electrically insulating νII = 1 re-
gion. The probability of transporting a magnon across region
I is then encoded in the nonlocal response measured across
the νI sample bulk, δVnl/δVex, where δVex is a small AC volt-
age applied in series with Vbias across the injector and δVnl
is the AC voltage measured across the detector. Note that in
this measurement, the relevant magnons are excitations of the
νII = 1 QHFM, which have quantized spin of one in the di-
rection anti-parallel to the applied magnetic field and energy
dispersion E(k) = EZ + αk2[4, 11, 34]. The nonlocal re-
sponse for eVbias slightly larger than EZ thus measures the
probability of transmitting low-k magnons from injector to de-
tector through region I. This signal can be suppressed either
by the absence of compatible neutral modes in the interven-
ing region, or by the presence of additional decay channels by
which incoming magnons can relax their energy and momen-
tum outside the spin system.
Figs. 2b-c show data taken in this configuration. For all
νI, δVnl = 0 for eVbias < EZ , indicating that the measured
response indeed arises from magnon transport. No nonlocal
responses are observed in the nonmagnetic νI = 2 state or in
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FIG. 2. Skyrmion solid phase near ν = 1. a, Schematic for measuring magnon transport. Nonlocal measurements are performed with
νIII = 2 and νII = 1. Applying eVbias > EZ launches magnons through region II, in which magnons can propagate freely. The charge
insulating bulk of region II prevents electron flow for all νI. Magnons transmitted through region I and back into the detector are absorved
generating the measured nonlocal voltage. b, False-color plot of the non-local response for 0 < νI < 2 as function of eVbias/EZ and VB at
B⊥ = 10T. c, Non-local response as a function of eVbias/EZ for different values of VB, corresponding to the colored arrows in panel a. The
dashed lines mark the Zeeman threshold eVbias/EZ = ±1, and approximate ν for each curve are indicated. d, Blue: Local conductance G for
0 < ν < 2. Red: Root-mean-square average of the non-local response in the range −1.5EZ < eVbias < 1.5EZ . Boundaries between integer
quantum Hall gaps and electron solids are indicated by the shaded regions. e, The symbols denote ν as determined from the positions in VB of
FQH states associated with νI = 1/5, 2/7, 5/7, 4/5, 6/5, 9/7, 12/7 and 9/5 as function of VB. Red lines represent extrapolations of ν to the
nearest integer determined using pairs of adjacent FQH states. Shaded regions denote the finite extent in VB of states with integer ν. Nonlocal
response at base temperature (blue) and T=1.1K (red) near ν = 1. Lines represent data averages over a range of 0.927 < VB < 0.955V. g,
Magnon decay in a skyrmion solid. (i) When νI = 1, QHFM magnons are transmitted with little loss. (ii) When region I is in a skyrmion solid
phase, magnons rapidly decay into other magnetic modes with E < EZ and spin less than one. These modes cannot enter the νII = 1 detector
region, leading to suppression of the nonlocal response.
the ν = 0 state. Among the strongest nonlocal responses are
observed at νI = 1 and 5/3. This is consistent with theoretical
expectations of a fully spin-polarized QHFM (for ν = 1) and
fully spin-polarized fractional QHFM (at ν = 5/3), both of
which are predicted to admit long-distance transport of ferro-
magnetic magnons[35]. The nonlocal response is not corre-
lated with the charge conductivity (Fig. 2d). While the two
regions 0 < ν < 1 and 1 < ν < 2 show similar sequences of
FQH states, they differ markedly in their nonlocal response,
reflecting differing ground state spin structure across the low-
est Landau level.
To determine the boundaries of the electron solid in Fig. 2b,
we calibrate the electron density using weakly formed FQH
states from the four flux sequence (Fig. 2e). This analysis
shows an electron solid regime of vanishing low-temperature
G but finite quasiparticle density near each integer ν, con-
sistent with the temperature dependent and nonlinear trans-
port measurements described above. Comparison with the
nonlocal response shows that all four electron solids suppress
magnon transport. Near ν = 2, this is consistent with a param-
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FIG. 3. Evidence for fractional Skyrmion solid phases. a
Temperature-dependent conductance near ν = 1/3 and (b) ν = 2/3,
showing a low-temperature transition to an insulator at small values
of |ν − 1/3| and |ν − 2/3|. c, Non-local voltage for 0 < ν < 1
as a function of VB and Vbias at B⊥ = 7T. Arrows point indicate
regions of suppressed non-local response near the Zeeman thresh-
old, reminiscent of the skyrmion signature observed near ν = 1. d,
Conductance within the same carrier density range as (a).
4agnetic electron solid, while at ν = 0 the solid presumably has
noncollinear spin textures or is also a paramagnet. Notably, in
both cases the electron solid is not distinguishable from its
parent integer state by either its low temperature charge con-
ductivity or its magnon transport, both of which vanish. This
is in sharp contrast to the solids surrounding ν = 1, which
do not allow magnon transport in contrast to their quantum
Hall ferromagnetic parent state. Remarkably, the boundary of
magnon transport aligns precisely with the edges of the ν = 1
gap determined from quantum capacitance considerations (see
also Fig. S4). We thus conclude that while the QHFM at
exactly νI = 1 conducts magnons, a distinct insulating state
characterized by the total suppression of magnon transport ob-
tains for 0.89 . νI < 1 on the hole side and 1 < νI . 1.06 on
the electron side of ν = 1. To within experimental error, ar-
bitrarily small doping of the νI = 1 state appears sufficient to
fully suppress magnon transport. At high temperatures, where
charge conductivity indicates the electron solid has melted,
magnon transport is restored (Fig. 2f).
We propose that the suppression of magnon transport in the
electron solid near νI = 1 implies that charge solidification is
accompanied by noncolinear spin textures—the low-doping
insulating phase is a skyrmion solid, rather than a spin po-
larized electron solid. In the skyrmion solid phase, dilute
charge carriers are localized by a combination of their mu-
tual Coulomb repulsion and, potentially, disorder, while the
electron spins are driven by exchange interactions into large-
scale noncolinear ground state spin textures. Fig. 2g outlines a
mechanism for the resulting suppression of magnon transport.
Magnons are launched through the νII = 1 region, where they
are gapped (EM(k) ≥ EZ, with EM(k) the magnon disper-
sion) and characterized by quantized spin. However, within
the skyrmion solid phase, the excitation spectrum includes
spin modes with E < EZ[36]. When a magnon with en-
ergy EZ enters the skyrmion solid phase, it can decay to one
or more gapless spin modes (as well as one or more spinless
phonons). Because a magnon with E < EZ cannot enter
the ν = 1 region surrounding the detector, the spins will be
trapped in the skyrmion solid phase. The low energy magnons
ultimately relax their energy and angular momentum outside
the spin system, for example at the sample boundary, and gen-
erate no nonlocal voltage in the detector region.
Electron solids are also predicted to occur in the vicinity of
FQH states[37], and evidence for such phases was recently re-
ported in microwave spectroscopy experiments[38]. Figs. 3a
and b show the low temperature behavior ofG atB⊥ = 13.5T
in the vicinity of ν = 1/3 and 2/3. As is the case near integer
ν, G undergoes a metal-insulator transition at T ≈300mK,
suggestive of new solid phases. Intriguingly, the strong non-
local response at precise fractional filling is subtly suppressed
upon doping (3c and d). Subtle features associated with an
increased threshold for nonlocal response appear adjacent to
the FQH states. This is reminiscent of the response of the
skyrmion solids near ν = 1, albeit with a dramatically lower
threshold Vbias for the restoration of nonlocal response. Our
data thus suggest that noncollinear spin-textured ground states
of fractional skyrmions may prevail near these fillings. We
expect that additional experiments at lower temperatures and
magnetic field (see Fig. S3) and in cleaner samples may re-
veal a plethora of additional spin textured phases, allowing the
interacting phase diagram of two dimensional electrons to be
mapped in great detail.
METHODS
Devices were fabricated using a dry transfer procedure, fol-
lowing Refs. [9, 10]. An optical image of the device discussed
in the main text is shown in Fig. M1. The monolayer graphene
(MLG), graphite, and hexagonal-boron nitride (hBN) flakes
were prepared by mechanical exfoliation. In the device de-
scribed in the main text, the thicknesses of the hBN flakes
above and below the MLG flake are 34 nm and 40 nm respec-
tively. Top and bottom graphite gates were patterned as shown
in Fig. 2a using plasma etching. The chosen shape of the gates
yields three distinct MLG regions; the carrier density in each
of them can be controlled independently. Region I (rendered
in white in Fig. 1a) is exposed to and therefore controlled by
the top and bottom graphite gates; region II (rendered in pink)
is controlled by the top graphite gate and silicon gate; region
III (rendered in green) is controlled by the silicon gate alone.
In contrast to prior work, in our devices each internal ‘island,’
defined as a region completely surrounded by sample bulk at
filling νI , features two separate contacts which enable both
calibration of the filling factors νII and νIII as well as the
injection and detection of magnons.
Transport measurements of the device were done in a dilu-
tion refrigerator equipped with a 14T superconducting mag-
net and heavy RF and audio frequency filtering with a cutoff
frequency of ∼ 10 kHz. The measurements were performed
at base temperature unless indicated, corresponding to a mea-
sured temperature of. 20 mK on the probe. The temperature-
dependent measurements were done by controlling the tem-
perature using a heater mounted on a mixing chamber plate.
Fig. M2a shows a schematic measurement of the conduc-
tanceG, proportional to the conductivity in region I. While the
device design ensures edge state coupling between the contact
and the boundary of region II, considerable care must be taken
to ensure that the measured G is not dominated by spurious
series resistances arising from the I/II interface. To address
this source of systematic error, the filling factor of region II is
tuned to a bulk conducting state using VT. The value of VT that
maximizes the conductivity of region II is found from a two-
dimensional sweep of VT and VB with silicon gate voltage VSi
fixed. In practice, we find that setting |νI−νII| < 1 avoids high
series resistances from an insulating I/II interface. νI is then
controlled using the bottom gate voltage VB. Fig. M2b shows
a typical trace of G as a function of VB at B⊥ = 8T. The dif-
ferential conductance was measured using a lock-in amplifier
with a 100 µV excitation at 17.777 Hz.
The measurements of the non-local response due to magnon
transport require precise tuning of regions II and III to νII = 1
5and νIII = 2. To find the required values of the gate voltages
V ∗T and V
∗
Si for a given B⊥ we first measure the intra-island
conductance, as shown in Fig. M2c, as a function of VSi with
VT and VB set to zero. We choose a value of V ∗Si at which
G = 2e2/h, ensuring νIII ≈ 2. Next, we measure intra-
island conductance as a function of VT at VSi = V ∗Si , VB = 0
and pick the value V ∗T at whichG = e
2/h (Fig. M2d). V ∗T and
V ∗Si are then fixed for the nonlocal measurements described in
the main text. Nonlocal measurements are performed with
Vex ≈ 0.075VZ at 1234.5 Hz. The higher frequency signif-
icantly reduced the noise level while introducing negligible
phase shift.
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7FIG. M1. Optical micrograph of the device. Scale bar corresponds to 5 µm.
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FIG. M2. Methods of local transport measurements. a, Inter-island transport measurement, referred to as G in the main text. Because
there is no edge state that directly couples charge across the pink region, non-zero G is measured only when νII is tuned to a bulk conducting
filling factor. Moreover, |νII − νI| should be less than 1 to avoid fringe field-induced insulating phase between the pink and white region. b,
Inter-island transport trace at B⊥ = 8T between ν = 0 to ν = 1. c, Intra-island transport. The two contacts on the right-hand side are kept
open, and the two terminal resistance within a single island is measured. d, Typical intra-island transport trace at B⊥ = 8T. The silicon gate
voltage is fixed at 10V. The result shows that by fixing the silicon gate at 10V and the top gate at -0.4623V, we can set νIII ≥ 2 and νII = 1.
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FIG. S1. Non-linear transport near ν = −1. Differential conductance G as a function of gate voltage VT and source-drain bias voltage Vbias
measured in a second device at B⊥ = 8T. Strong nonlinearity is observed near all integer fillings.
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FIG. S2. Transport characterization of the device. a Conductance as function of carrier density and magnetic field fo 0 < ν < 1 and b for
0 < ν < 2. The device shows a series of FQH phase transitions for 0 < ν < 1, including the appearance of an even denominator state at
ν = 1/2 over a narrow range of magnetic fields, all of which are absent for 1 < ν < 2[39]. c, Conductance near the charge neutrality point
at B = 0 at different temperatures. d, Arrhenius plot of the conductance at the charge neutrality point, showing simply activated behavior
consistent with a substrate induced sublattice splitting[40, 41]. The thermal activation gap is measured to be 3.7 meV.
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FIG. S3. Joule heating and its effect on the nonlocal mesurement. a, Schematic for measurements of the nonlocal response. A DC bias
is applied between the two left contacts, which are tuned to have an intra-island conductance G = e2/h. This results in a power dissipated
via Joule heating of P = V 2biasG. At the Zeeman threshold, Vbias = EZ/e, resulting in P = E
2
Z/h ≈ .52pW × B2[Tesla]. b, As described in
the main text, strong magnon transport signals are observed only for Vbias > EZ/e, where the Joule heating power, dissipated directly on the
device, leads to nonnegligible heating of the electron system. Data shown here are measured at B=10T. c, Experimental setup for determining
the effects of Joule heating. In this setup, a bias voltage is applied across one island, as in the nonlocal measurement, but region II is tuned to
be conducting. This allows current to flow to the other island and the local conductivity to be measured as a function of both VB and the bias
voltages. Note that the small local conductance across region I, G ≈ .01e2/h, ensures that only minimal power is evolved from DC current
flow across the sample bulk, providing a good proxy for heating in the nonlocal configuration. d, Local conductivity measured in the setup
described in panel c as a function of Vbias and VB at B=13.5T. As is evident in the data, applied bias leads to rapid degradation of the insulating
phases associated with electron solids near νI = 2/3, 4/5, and 1. At the Vbias = ±EZ/e (indicated by dashed white lines), only a portion
of the electron solid proximal to ν = 1 still shows insulating behavior. e, Experimental setup for local conductance measurement. f, Local
conductance as a function of temperature at B=13.5T. Comparing with the bias dependence shown in panel d, we conclude that bias-induced
heating bring the electron temperature to T ≈ 400mK at eVbias ≈ EZ . Notably, because the Zeeman energy sets the minimal bias voltage
required to launch magnons, the effects of Joule heating grow significantly worse at high fields, scaling as B2. In contrast, the Coulomb
interaction scales as e2/lb ∝ B1/2⊥ . The competition between the Coulomb interaction and sample heating limits the range of B⊥ in which
the electron solid phase exists when eVbias > EZ. Specifically, at large B⊥, the electron solid melts when eVbias > EZ due to heating. We
believe bias-induced Joule heating is primarily responsible for our observation of possible fractional skyrmion solids only at B⊥ = 7T , but
not at larger B⊥ where they are more developed. Interestingly, the low-B limit in our experiment is set not by the absence of correlation
physics in region I, but rather by the breakdown of quantum Hall ferromagnetism in the much more disordered region II, which is exposed
through the hBN dielectric to a disordered hBN/SiO2 interface. It may thus be possible to significantly improve on the current measurements
by constructing devices in which all three necessary regions are of comparable sample quality.
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FIG. S4. Comparison of measured νI = 1 gap to theoretical calculation. Symbols indicate the measured width, ∆VB, corresponding to
large nonlocal response, plotted for a variety of magnetic fields. Theoretically, ∆VB should directly give the energy gap of the quantum Hall
ferromagnet (∆) via the relation e∆VB = ∆. ∆ itself is predicted to follow the relation ∆ =
√
pi
2
e2
`B
+ sgµBBT (here  is the dielectric
constant and s = 2K + 1 tracks the number of excess spin flips, K, within a skyrmion excitation). The red curve represents a best fit to the
measured data with  and s as free parameters. Due to the small contribution of the Zeeman energy to the total gap, s is not well constrained,
with a best fit of 5.1 ± 6. This fit is thus unable to discriminate between small skyrmions and single spin flip excitations, but is consistent
with theoretical predictions of small skyrmions in the experimental range of EZ/EC . The best fit parameter  = 4.1 ± .5 agrees, to within
error, with the expected value of  =
√
3× 6.6 ≈ 4.4, consisting of the geometric average of the in- and out-of-plane dielectric constants of
the encapsulating hBN layers. Note that Landau level broadening was recently measured to be < 1 meV in similar devices[9, 10], and is thus
negligible on the scale of the ν = 1 energy gap over the measured range of magnetic fields.
